ABSTRACT: This study combined data on fin whale Balaenoptera physalus, humpback whale Megaptera novaeangliae, minke whale B. acutorostrata, and sei whale B. borealis sightings from large-scale visual aerial and ship-based surveys (248 and 157 sightings, respectively) with synoptic acoustic sampling of krill Meganyctiphanes norvegica and Thysanoessa sp. abundance in September 2005 in West Greenland to examine the relationships between whales and their prey. Krill densities were obtained by converting relationships of volume backscattering strengths at multiple frequencies to a numerical density using an estimate of krill target strength. Krill data were vertically integrated in 25 m depth bins between 0 and 300 m to obtain water column biomass (g m -2
INTRODUCTION
The shelf ecosystems of the Arctic contain some of the most productive and tightly connected physicalbiological systems in the marine environment. These relatively shallow domains play an important role in inflow and outflow from the Arctic Ocean, sea ice dynamics, and energy transfer through the ecosystem (Carmack & Wassmann 2006) . Arctic continental shelves tend to accumulate large biomass concentrations either through seasonally restricted but intense production blooms or by local accumulation of biomass via advection.
The coastline of West Greenland is the longest continuous stretch of sub-Arctic to Arctic coastline in the world (Laidre et al. 2008) . When the annual winter sea ice cover retreats, it triggers an enormous bloom of primary production on the shelf, attracting high densities of lower trophic level forage fish and zooplankton (Heide-Jørgensen et al. 2007a ) ultimately culminating in large numbers of top marine predators. At least 10 species of cetaceans move in from the North Atlantic to take advantage of the explosion in production on the banks. Four of these, the fin whale Balaenoptera physalus, humpback whale Megaptera novaeangliae, minke whale B. acutorostrata, and sei whale B. borealis are the most abundant of the sub-Arctic baleen whales that migrate to the waters of West Greenland.
Optimal foraging theory suggests predators optimize their foraging behavior in patchy habitats to maximize fitness (Schoener 1971 , Charnov 1976 . Piatt & Methven (1992) examined this in baleen whales and suggested that a threshold prey density is required to facilitate foraging, and that seasonal and annual variations in prey densities play a role in the aggregation of whales and foraging profitability. In West Greenland, few data are available on the densities and spatial distribution of forage fish and zooplankton targeted by baleen whales (Kapel 1979) mostly because the area is vast and few large-scale prey surveys exist concurrent with cetacean sighting surveys. Based on stomach content analysis and visual observations (Kapel 1979) , primary prey species for large whales are known to be krill, capelin Mallotus villosus, and to a lesser extent sandeel Ammodytidae spp., However, there is a limited understanding of how the distribution of whales in West Greenland is related to spatial and temporal variation in patchy resources (Heide-Jørgensen & Laidre 2007) . These are important topics in light of changes in sea temperatures, sea currents, and biological production in the ecosystem due to climate warming (Myers et al. 2007 ). Furthermore, both fin and minke whales in West Greenland are subject to an annual subsistence harvest (Laidre et al. 2009) , and understanding the dynamics of ecological relationships is critical.
The recent advancement of acoustic methods for assessing the abundance of prey species (Conti et al. 2005a ,b, Conti & Demer 2006 , combined with visual aerial survey techniques for estimating cetacean distribution and abundance, facilitate in-depth analyses of spatial relationships (Friedlaender et al. 2006) . In this study, information from large-scale visual surveys of baleen whales and synoptic acoustic sampling of krill and capelin abundance in West Greenland were combined to examine quantitative spatial relationships between whales and their prey. We report on the distribution of the 4 whale species on the shelf of West Greenland and develop a series of statistical models relating whale occurrence to a suite of variables describing the physical environment and their prey. It was hypothesized that large whale occurrence and densities would be positively correlated with krill abundance over the survey area given the importance of the West Greenland shelf area for top predator feeding in summer.
MATERIALS AND METHODS
Ship survey data collection. Between 2 September and 3 October 2005 a systematic acoustic survey targeting capelin was conducted on the West Greenland shelf from the Icelandic fisheries research vessel RV 'Bjarni Saemundsson.' The survey was designed to cover the area between the coast and shelf break (up to 100 km offshore). Transect lines were placed in an east -west direction with 22 nautical mile (n mile) spacing and beginning approximately 3 n miles from the coast continuing west to the 400 m isobath. The survey began in the north and progressed south, including Vaigat, Disko Bay, and 5 fjords including Nuuk fjord (Fig. 1) .
Acoustic data were collected continuously with a Simrad EK 60 echosounder at 38 and 120 kHz with 1 ms pulse duration and inter-pulse intervals of 1 s. Transducers were hull-mounted 5 m below the waterline. Echograms were used to estimate the abundance of capelin Mallotus villosus and krill Meganyctiphanes norvegica and Thysanoessa sp. Identification of observed sound-scattering organisms were groundtruthed by targeted pelagic trawl and plankton net hauls.
Simultaneous visual observations of large whales were conducted aboard the research vessel (HeideJørgensen et al. 2007b) . Four cetacean observers scanned the water on either side of the vessel in pairs from an observation platform each covering 90 degrees in front of the vessel with an observer eye height of 10.3 m above sea level. The observers only used binoculars for species identification after recording a whale sighting. On-effort observations were carried out during all hours of daylight when weather conditions permitted (sea state less than 6 and visibility more than 500 m). Positional information was obtained with a handheld or onboard GPS. Sightings of whales from the ship-based survey were converted into abundance estimates using standard line transect techniques (see Heide-Jørgensen et al. 2007b for abundance estimates). The sea surface temperature was measured continuously along the ship track every minute.
Aerial survey data collection. A concurrent visual aerial survey for large whales was conducted between 28 August and 23 September 2005 (Heide-Jørgensen et al. 2008) in the same area. The survey platform was an Icelandic Partenavia Observer P-68 with 2 observers located in the rear seats each with bubble windows. An additional observer/cruise leader was seated in the right front seat. Declination angle to sightings was measured with Suunto inclinometers, and the lateral angle from the nose of the aircraft was estimated. Sightings were entered on dictaphones and on a computer-based voice recording system that also logged the position of the plane (from the aircraft GPS). Target altitude and speed was 750 feet (229 m) and 90 knots (167 km h -1 ), respectively. Survey conditions were recorded at the start of the transect lines and whenever a change in sea state, horizontal visibility, or glare occurred. The survey was designed to systematically cover the coast of West Greenland offshore to the shelf break (i.e. 200 m depth contour). Transect lines were placed perpendicular to the coast (i.e. in an east -west direction) except for South Greenland, where they were placed in a north-south direction (Fig. 1) . Sightings of whales from the aerial survey were converted into abundance estimates using standard line transect and cue-counting techniques (see Heide-Jørgensen et al. 2008) .
Acoustic analysis for krill abundance. Krill data were processed in 25 m depth bins at a spatial resolution of 1 n mile between daily sunrise and sunset. Data collected during nighttime or when the ship paused for CTD stations were excluded. Night data were excluded to minimize the bias of diel vertical migration of krill (Onsrud & Kaartvedt 1998) and data collected during CTD stations were excluded to reduce oversampling of krill at speeds under 2 knots. Relationships of volume backscattering strengths (S v ; dB re 1 m -1 ) measured at multiple frequencies were used to apportion the integrated volume backscattering coefficients (Nautical Area Scattering Coefficient, NASC; m 2 n mile -2 ) to krill versus other fish backscatter (see Hewitt et al. 2003 , Riess et al. 2008 , before converting NASC to a numerical density using an estimate of krill target strength (TS; dB re 1 m 2 ). S v at both frequencies was averaged over 25 m depth bins and 100 s. Background noise was subtracted and the S v at 120 kHz (S v 120 kHz) was apportioned into regions of krill versus non-krill using a 2-frequency algorithm (see Madureria et al. 1993 , Hewitt et al. 2003 . S v 120 kHz attributed to krill was integrated from 10 m below the surface (to exclude surface noise) to either a maximum of 500 m or approximately 5 m above the seafloor, resulting in NASC at 1 n mile increments. A ΔS v range for 120 to 38 kHz of 4.6 to 11.1 dB was used for the delineation of krill from other backscatter based on length frequencies (CCAMLR 2005) for both Euphausia superba and Meganyctiphanes norvegica (Conti et al. 2005a,b) .
The NASC were converted to biomass densities (g m -2
) using the simplified version of the Stochastic ). Krill biomass estimates were vertically integrated in 25 m incremental depth bins between 0 and 300 m (or 12 bins) to obtain water column krill biomass (g m -2
). Total integrated water column krill biomass (kg) in the study area was also estimated using a stratified sampling approach in the 5 geographic strata corresponding to whale abundance estimates from the ship-based survey reported in Heide-Jørgensen et al. (2007b) .
Spatial data analysis. The Geographic Information System (GIS; ESRI Arc9) was used to make spatial associations between the location of cetacean sightings and a suite of environmental variables. The analysis was restricted to West Greenland waters and all data north of Cape Farwell (southern tip of Greenland located at 43.5°W longitude). The standard projection was Polar Stereographic (in m) with a central meridian of 55°W and reference latitude of 75°N. Coastline data for Greenland were obtained from the US Defense mapping agency as part of the World Vector Shoreline (WVS) at a scale of 1:250 000, referenced to mean high water in a datum of WGS84. Spatial bathymetric data were obtained from the International Bathymetry Chart of the Arctic Ocean (IBCAO, www.ibcao.org) (Jakobsson et al. 2008 ) with a 2 km resolution. This resolution was selected so that there was consistency in other remotely sensed and GIS covariates in the model. A categorical variable depth grid was also created with 3 depth categories: 0 to 500 m (shelf), 500 to 1500 m (slope), 1500 to 2300 m (deep). Sea-floor slope was calculated as integer value of the percent rise between adjacent bathymetry grid cells and classified into one of 4 categories, as follows: 0, 1 to 2, 3 to 4, and ≥5% rise.
Point samples of sea surface temperature were used to create a continuous surface using a spherical ordinary kriging model based on a sub-sample of temperature values every 5 min (7160 data points) (temperature was collected every 1 min on the trackline). Kernel probability contours were calculated for each of the 4 baleen whale species sightings and for all species pooled together in 50, 75 and 95% probability contours.
Statistical analysis. Vertically integrated water column krill biomass (g m -2 ) in 25 m depth increments and between 0 and 300 m was calculated every n mile. These point-based biomass estimates were translated to density surfaces for each depth increment using an ordinary kriging approach implemented in the ArcGIS Geostatistical Analyst extension. Kriging, a statistical approach suitable for representing interpolated surfaces for phenomena with strong random components (Pople et al. 2007) , was best achieved with a spherical model fitted to the semi-variogram for each krill depth bin with no trend removal. A 45°search angle to the survey lines appeared to be optimal, capturing along-and between-survey line variability. Interpolated surfaces were restricted to the surveyed area (Fig. 1) .
The spatial analysis examined the presence/absence or density of whales per unit (cell). The spatial analysis was conducted on a spatial resolution of 2 km. Four species were considered in the analysis: fin whales, sei whales, humpback whales, and minke whales. Sightings of large groups of humpbacks were truncated into categories of ≥30 animals and for fin whales ≥10 animals. We also included 3 species 'groups' in the models: all species pooled, all positively identified large baleen whales (fin, sei and humpback), and all unidentified large whales (excluding minkes).
The sightings and the effort from the ship and aerial surveys were combined into one model. We used all baleen whale sightings in sea states ≤6 on the ship survey, and ≤4 on the aerial survey. These criteria were modified slightly for the inclusion of minke whale sightings, where only sightings where sea state was ≤2 on the ship survey and ≤3 during the aerial survey were included. For the statistical modeling, it was necessary to obtain representative coverage of where whales were absent. We randomly sampled 5000 locations along both the ship and aerial trackline where no whale sightings were made. This represented over 20 times the number of whale sightings that occurred in the study area.
Input data for statistical models were whale sightings, randomly selected real absence locations, and GIS variables describing conditions hypothesized to determine whale presence/absence and density (group size). These included survey type (aerial vs. ship), sea surface temperature (°C), latitude, longitude, krill water column biomass in (g m -2 ) in 25 m depth increments and total integrated biomass, seafloor depth (m), and seafloor slope (% rise).
In order to evaluate whether data could be pooled from the 2 survey types (ship and aerial) we conducted both pooled and separate analyses on each data set and formally tested whether covariate effects differed by modality. We tested for significance of interactions by modality for each of the covariates.
Standard regression models were developed using the open-source statistical package R (R Development Core Team 2009). Models identified important explanatory variables relating the presence/absence and density of large whales to the physical and biological environment. We modeled the probability of whale occurrence as a function of environmental variables using Generalized Additive Modeling (GAM), where response variables were modeled as a smoothed function of all explanatory variables using nonparametric regression procedures. Standard GAM software was used descriptively to characterize trends. Inference about specific regression coefficients was made using a variation of Generalized Estimating Equations (GEE) and either logistic or Poisson regression while accounting for spatial autocorrelation (Heagerty & Lumley 2000) . Due to colinearity between latitude and longitude, we transformed longitude to a new variable (res.long), which was the residual longitude after regression of longitude on latitude. This variable represented the east -west variation within the latitude. Based on covariate trends observed in the GAM analysis, all covariates were approximately linearly related to the outcome with the exception of latitude, which was modeled using both linear and quadratic terms. Significance was determined at the 0.05 level.
Depth-specific regressions were made on krill abundance at each depth interval to predict the probability (Pr) of a sighting using the following regression equation:
In this regression model the coefficient b 1 (d) represented the association between the likelihood of a sighting and the krill abundance measured at depth bin d. Since we considered depth bins ranging from 0 m up to 300 m at 25 m increments, we estimated 12 different depth-specific coefficients. Specifically, the slope coefficient b 1 (d) measured the increase in the risk of a sighting (log odds of any sighting) as the log[Abundance(d)] increased by 1 unit.
RESULTS

Baleen whale distribution
During the ship and aerial surveys 248 on-effort sightings of baleen whales were collected (Fig. 1) . Search effort on both surveys was interrupted by nights and bad weather; however, 9266 km of survey effort was conducted during both surveys combined.
During the aerial portion, 157 sightings were made during 6458 km of on-effort searching. Of these, 78 were fin whales, 21 were humpback whales, 42 were minke whales, and 4 were sei whales. There were also 12 sightings of unidentified large baleen whales (Fig. 2, Table 1 ). During the ship portion, 91 sightings were made during 2808 km of on-effort. Of these, 30 sightings were from fin whales, 26 were humpback whales, 6 were minke whales, and 13 were sei whales. Additionally 16 sightings of unidentified large baleen whales were made (Fig. 2 , Table 1 ). Group sizes were for the most part not larger than 10 with the exception of a few exceptionally large groups of fin and humpback whales on the aerial survey. This included groups as large as 95 humpback whales (Fig. 3) and 50 fin whales. Detailed documentation of sighting distribution and abundances of all species are reported in HeideJørgensen et al. (2007b HeideJørgensen et al. ( , 2008 .
Fin whales were the most common large whale sighted during both surveys (n = 108 sightings) and were found in high densities between the Store and Lille Hellefiske banks and off Paamiut. South Greenland was the area with the largest group sizes; 3 groups of 10 to 13 individual fin whales and one group of 50 individuals were observed at 60°N, 47°W (Fig. 2a) . Humpback whale sightings (n = 47) were distributed along the coast with most sightings occurring nearshore and primarily in South Greenland. Five large groups of humpbacks (> 25 individuals, with one group of > 95 individuals) were observed south of 62°N (Fig. 2b, Fig. 3 ). Minke whales (n = 48 sightings) were broadly distributed along the coast and had the least clumped distribution of the 4 species. There was a hiatus in distribution between SW (Southwest) Greenland and CW (Central West) Greenland (see Fig. 5 for area designation) with no sightings observed between 62°and 63°N (Fig. 2c) . Several sightings of minke whales occurred in coastal waters of Vaigat and Disko Bay, areas with known high coastal capelin concentrations. Relatively few sightings of sei whales (n = 17) were made on both surveys. Of those, sei whales were found in 2 specific areas: on the banks at 66°N at Lille Hellefiske Bank and in South Greenland at 60°N, 47°W. Only one large group of 10 sei whales was seen (Fig. 2d) . Overall, large baleen whales were concentrated in 3 focal areas along the coast of West Greenland: (1) the northern edge of Lille Hellefiske bank between 65°a nd 67°N, (2) north of Paamiut at 63°N, and (3) in South Greenland between 60°and 61°N in Qaqortoq Bay. (Fig. 4) . The area with the highest density of whales was between 65°and 67°N, and sightings of all 4 species were made in this area.
Capelin distribution
The target species during the acoustic survey was capelin, and continuous acoustic sampling along the cruise trackline for this species was conducted (Fig. 5) . Capelin were virtually absent on the banks over the entire survey area. They were, however, present in large numbers in all coastal fjords and nearshore areas between 70°and 60°N. The capelin biomass in these fjords and near shore areas was previously estimated to be between 170 000 and 200 000 metric tonnes (Bergström & Vilhjalmarsson unpubl.) . Capelin were excluded from the GAM analysis because of the highly discontinuous and coastal nature of their distribution, which made correlations with whale distribution on the offshore banks essentially impossible (Fig. 5) .
Krill distribution
The mean density of krill (g m -2
) was examined in 25 m depth increments along the coast of West Greenland (Fig. 5) (SD 23 to 19). As depths increased past 250 m, mean krill density declined and was negligible by 500 m (Fig. 6) . A striking pattern was the large aggregations of krill between 175 and 275 m (Fig. 6) .
There was no correlation between mean krill density and latitude; however, density was 3 times higher at 60°N in South Greenland than at any other site along the coast (3.5 g m -2 SD 32). Mean krill density was < 0.5 g m -2 at all latitudes with the exception of 2 small peaks at 63°and 66°N (<1.5 g m -2
). This was also the latitude where large outliers in krill density were found (> 500 g m -2 ) (Fig. 7) ) were also detected at 66°N, suggesting dense aggregations at these latitudes.
Integrated water column biomass of krill was estimated for each of 5 strata on the ship survey (Fig. 5) . Highest densities of krill were found in the southwest strata (12.29 g m -2
, SD 0.16) and in Nuuk fjord (11.13 g m -2
, SD 0.4) (Fig. 5) , consistent with the high densities of whales in South Greenland. Total biomass in the whole survey area was estimated as 1.3 × 10 9 kg of krill (CV 0.11), with the highest strata biomass found in SW Greenland (Table 2) .
Spatial analysis
The complete model for large baleen whale presence on the West Greenland shelf included survey type and an interaction between integrated krill abundance and survey type (Table 3) . This model suggested an observer was less likely to make a whale sighting on the ship. However, the interaction between survey platform and log of krill abundance was highly significant (p < 0.001). In separate models for each survey platform, the ship sighting data were strongly and positively correlated with the log of krill abundance (b 1 = 0.64, SE 0.12, p < 0.001) while no relationship was present for the aerial sighting survey (b 1 = -0.08, SE 0.12, p = 0.5). The relationship between whale density (given presence) and log krill abundance was weaker than that for presence and not significant in the full model (Table 4) . However, in the ship-only model whale density was significantly explained by the log krill abundance (p = 0.03).
Other than krill, the models for both survey platforms exhibited significant responses to the same variables. This included longitude, slope, and sea surface temperature. Depth was not an important variable in models explaining either presence or density of large whales on the shelf of West Greenland. The consis- tency between the significance of all other ecological variables across the 2 surveys suggested that the krill covariate was significant for the ship platform due to temporal continuity with whale sightings and acoustic data collection (used to determine krill biomass).
Response curves for all species combined demonstrate a nearly linear relationship between the presence of one or more whales at a given location and the biomass of krill in the area (Fig. 8) . Response curves also suggested whale presence was inversely correlated to latitude and longitude, i.e. more whales were sighted in South Greenland (lower latitudes) and farther from shore (larger longitudes) (Fig. 8 ). In the model for whale density (given presence) there was a positive relationship to longitude, where larger groups were located farther east (or closer to the coast) (Fig. 9 ). Models were also developed independently for each species. Associations with log krill abundance were consistent across species despite much smaller sample sizes. However, the low number of sightings for each species when factoring in survey platform limited statistically robust conclusions.
The log odds-ratio plot for the presence of whales in West Greenland with respect to depth specific water column biomass of krill (g m -2 ) demonstrated that krill water column biomass at depths of 150 to 175 m were most predictive of whale presence based on data from the ship survey (Fig. 10) . The relationship was similar for group size. Depths below 150 m continued to be predictive of whale presence on the ship up to 300 m. Krill water column daytime biomass at depths above 100 m had no significant correlation to whale presence.
DISCUSSION
Data, covariates, and modeling
Our results suggest the most important variable for determining the presence of large baleen whales on the West Greenland summer feeding ground is krill biomass. This relationship, however, was only significant when there was close spatio-temporal proximity in whale sightings and measurements of krill. This is very likely due to the dynamic nature of krill on the shelf, where even a short temporal lag (on the order of days) weakens the association. This provides indirect evidence that the time-scale of cohesion for a krill patch is no greater than the several day asynchrony between the aerial and ship surveys. These results also imply that caution should be used in quantifying relationships between marine predators and their dynamic or ephemeral prey when observations on both are not synchronous.
There was a common effect of other covariates across survey types (slope, sea surface temperature), suggesting that other, less dynamic ecological correlates such as slope or longitude (distance from the coast) are similarly good in explaining whale presence It is also important to consider the effect of kriging prey abundance. Kriging introduces measurement error and fills in space where the covariate was not measured directly, as is often the case with measures of prey density or biomass. Kriging is best performed if the spatial interpolation occurs at a smaller scale than the spatial extent of the prey patch. Although models strongly indicated that large baleen whales are located in areas with high water column biomass concentrations of krill, models of density (or group size) did not. This may be due to the fact most group sizes were between 1 and 3 individuals. The distribution of values was therefore very narrow and it was difficult to identify significant relationships with density. The GAM functions used in the present study Latitude (°N) log(Total krill abundance + 1) Fig. 7 . Meganyctiphanes norvegica and Thysanoessa sp. Box plot of log krill water column biomass by latitude in West Greenland from the ship survey, where all measurements for a given degree of latitude were pooled. See Fig. 6 do not carry unrealistic assumptions of a normal distribution of errors or linear response shapes and are therefore appropriate for the wide range of continuous and categorical covariates used in this study. This approach is used widely for species distribution models and has proven to be robust to understanding species presence and absence patterns (Elith et al. 2006 , Ferguson et al. 2006 , Redfern et al. 2006 , Wisz et al. 2008 . 
Relationships between krill and baleen whales
A striking relationship was apparent between the depth-specific krill water column biomass and the presence of whales in the ship survey data on the shelf. The biomass of krill at a given depth became highly predictive of whale presence at depths of 150 m or greater (and most predictive at 150 to 175 m), as demonstrated by the large log-odds ratio (Fig. 10) . There was no relationship between the presence of whales and the abundance of krill in shallow depths <100 m, suggesting surface aggregations of krill do not These results suggest there is a threshold depth at or below which it is energetically optimal for baleen whales to forage on krill. This appears to be >150 m in West Greenland and follows well with other studies that have suggested thresholds for optimal foraging in baleen whales (Piatt & Methven 1992) . Extensive associations have been made between top marine predators and krill in other ecosystems (Ainley et al. 2006 , Nicol et al. 2008 , Ribic et al. 2008 , Friedlaender et al. 2008 . It has been shown that humpback whales target krill in the upper 100 m of the water column in the Antarctic (Fig. 8, Friedlaender et al. 2006, 2008) . It is possible that whales in West Greenland target krill in shallower depths during nighttime.
The clear peak in krill density in South Greenland at 60°to 61°N is likely the reason for the high rates of occurrence of large whales in this area (Fig. 3, 4 & 5) . This region was associated with large outliers in krill density that were orders of magnitude larger than the mean (several measures of krill over 500 g m -2
).
Another focal area used by whales farther north, at approximately 66°N, was also associated with elevated mean densities of krill (Fig. 5) ; however, these krill densities were not as extreme as those in South Greenland. The aggregations of whales found in this area were primarily fin whales.
It is plausible that feeding conditions set up by physical variables in 2005 influenced the distribution and abundance of baleen whales on the West Greenland banks. June 2005 had some of the warmest temperatures (and highest salinities) measured in West Greenland during the past 50 yr, and an attractive hypothesis is that krill were advected to West Greenland with warmer water originating in the North Atlantic in 2005. What remains to be understood is whether the occurrence of krill in West Greenland in 2005 was part of an unusual large-scale advection event driven by specific oceanographic conditions or if krill are found regularly on the West Greenland banks in similar densities.
The models suggest that the relationship between whales and krill is significant when there is a very precise temporal match between data sets, and it would be useful to document how dynamic krill abundance is on the shelf of West Greenland. Unfortunately, there is little historical information available. Significant krill concentrations were detected on surveys in 1963 and 1964 in West Greenland (Smidt 1971) ; however, methods and coverage are not comparable to our study. Pedersen & Smidt (2000) presented a time series from standardized net hauls on Fyllas Bank between 1950 and 1984 but failed to detect any trends in krill abundance.
Unusually large group sizes of fin and humpback (Fig. 3) whales were found in the present study. This was surprising because surveys conducted regularly between 1983 and 2008 in West Greenland have shown that these whales occur in small groups of less than 5 individuals (Larsen & Hammond 2004 , Witting & Kingsley 2005 , Heide-Jørgensen et al. 2008 . However, in the present study and consequent surveys in 2007 for fin whales (Greenland Institute of Natural Resources unpubl. data) these species were detected in unprecedented large groups of > 50. It is possible these large group sizes are associated with unusually high abundances of krill in West Greenland. Sei whales feed almost exclusively on krill and have been infrequent visitors on the West Greenland banks for the past several decades (Kapel 1979 ) yet were detected frequently in our study (n = 17 sightings).
The estimates of krill biomass in this study should be considered indices rather than absolute estimates due to the potential for the signal-to-noise ratio (SNR) to wane at deeper depths. This was not measured and it is possible that krill abundance is underestimated at deeper depths. This would, however, not have any ). The ratio for total water column biomass of krill is shown on the left impact on the results presented here both because krill biomass is already shown to be higher at deeper depths and because foraging dives of large baleen whales are costly and generally limited to the depths (< 300 m) investigated in our models.
Other potential prey species
Capelin are also an important and predicable prey resource for baleen whales in Greenland. Capelin occupy a central position in the trophic web of cold water ecosystems in the Atlantic and have attracted substantial scientific interest both due to their ecological importance and to their substantial value for both large-scale commercial fisheries and small-scale traditional use in Inuit culture (Rose 2005) . This survey was conducted late in the summer when capelin were absent on the banks, having moved offshore with the exception of the highly dense coastal spawning aggregations. Capelin were excluded from the GAM analysis because of the highly discontinuous and coastal nature of their distribution (Fig. 5) .
Spawning capelin are frequently targeted by minke and humpback whales in coastal regions like Disko Bay and Vaigat. Visual observations of feeding whales along the coast together with satellite tracking studies demonstrate that these aggregations are important during summer (Heide-Jørgensen & Laidre 2007); however, they are generally only targeted by a low number of individuals. Recent abundance estimates suggest approximately 1200 humpback whales occupy West Greenland in summer (Heide-Jørgensen et al. 2008 ) and most of these individuals are found outside of the coastal fjords on the offshore banks. Thus, it is expected feeding conditions out to the 200 m depth contour, such as krill densities, are more important on a population level than coastal capelin resources.
Species-specific foraging patterns
Large whales that arrive in West Greenland from wintering grounds in the Atlantic Ocean have speciesspecific feeding strategies during summer. In some cases, species have adopted multiple strategies for obtaining resources in West Greenland. Among those is the humpback whale. Low numbers of humpback whales (single individuals or groups of 2 to 3) are frequently and predictably found inshore feeding on capelin in Disko Bay, Vaigat, and Nuuk fjord in waters < 25 m deep and < 50 m from the shore. Humpback whales clearly rely on capelin resources; however, densities are low and the resource is patchy. Consequently, the majority of humpback whales foraging in West Greenland target offshore concentrations of prey such as krill or sandeels. Although krill are spread out over a much larger geographic area, the dense patches and high biomass can support a large biomass of foraging whales provided high density patches can be located. Locating dense aggregations of krill may require a higher degree of cooperation among whales, possibly explaining larger offshore aggregations.
Fin whales, like humpback whales, have a duel strategy of feeding on coastal capelin concentrations and offshore krill patches (Kapel 1979 ). Fin whales have been shown to utilize an energetically expensive strategy of lunge feeding at depth (see Croll et al. 2001 , 2005 , Simard et al. 2002 ) upon encounters with suitable densities of prey (Acevedo-Gutierrez et al. 2002 , Goldbogen et al. 2006 . In the present study, fin whales were primarily found in the area between the Store and Lille Hellefiske Banks and on the western edge of Store Hellefiske Bank. These are the most productive sites on the banks of West Greenland (StorrPaulsen et al. 2004 , Pedersen et al. 2005 , Heide-Jør-gensen et al. 2007a . Observations of fin whales in these areas together with high prey densities support conclusions from previous satellite tracking studies that fin whales move into these areas to feed (HeideJørgensen et al. 2003) .
Minke whale distribution was the most irregular in this study (Fig. 2c ). Sightings were made along the entire coast with few detectable patterns other than a slightly higher density in South Greenland. This region is known to be an important area for the species (Laidre et al. 2009 ). Minke whales are the most icthyophagous of the Balaenoptera and target primarily capelin and sandeels, reported both in studies of stomach contents of harvested whales caught in Greenland (Kapel 1979) and in other areas of the Atlantic (Macleod et al. 2004) . They do, however, occasionally feed on krill in West Greenland, yet the importance of krill in their diet is unknown.
Sei whales occurred in low abundance on both the aerial and ship surveys. They have been proposed to occur in West Greenland during periods with an influx of warm water (Kapel 1979 , Neve 2000 . This species feeds almost exclusively on krill (Kapel 1979) . Although sample sizes were too small to make conclusive associations between sei whale distribution and krill densities, the focal area of sightings corresponded well to the areas with the highest densities of krill and where the peak aggregations occurred (Fig. 2) .
CONCLUSIONS
On multiple spatial scales, all foraging top predators must investigate and exploit a network of feeding sites in order to meet energetic demands (Stevick et al. 2008) . In a highly variable environment such as West Greenland, this requires adopting different foraging strategies, exploiting diverse prey resources, and likely utilizing different levels of cooperation (or isolation) between individuals to succeed. All of these may be functions of mobility, the cost of transport, and the foraging success resulting from different strategies.
In summary, large whales in West Greenland clearly aggregate in areas with high concentrations of krill. This is necessary to meet energetic demands during the summer feeding period. West Greenland is a dynamic ecosystem, and the availability of prey is patchy and variable with transitory optimal physical conditions that set up the oceanographic and biological conditions necessary for recruitment of forage. Given the importance of Arctic shelf regions to predators seeking abundant resources in summer, there is potential for dramatic ecosystem shifts given the observed reductions in sea ice cover, ice thickness, extent, and duration, changes in current patterns and temperatures in these areas due to climate change (Carmack & Wassmann 2006) . 
